Abstract: Optimization of short-term reservoir operation normally involves ramping constraints 4 of outflows and water elevations at short time steps (e.g., hourly). Random search algorithms, such 5 as Genetic Algorithms, have been widely used in optimization of reservoir operation. When 6 applying random search algorithms to hourly reservoir operation, two important issues arise. The 7 first one is the frequent violation of ramping constraints on the hourly reservoir outflows due to 8 the random nature of the optimization algorithm. In other words, the optimization struggles to meet 
Introduction

23
value of that polynomial at position t. The Savitzky-Golay filter is essentially an optimization 126 problem which minimizes the least-squares error of the polynomial fitted to frames of noisy data 127 (Schafer 2011) . The problem can be written in the following:
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Where N is the order of the fitted polynomial. ak is the coefficient for the kth order of the 130 polynomial and are determined in the process of finding the smallest least-squares error. Akaike practice. First, the data was randomly generated by the NSGA-II algorithm without a filter. We 
Incorporating the Savitzky-Golay filter to NSGA-II
152
To start the optimization, the NSGA-II randomly generates multiple sets of candidate decisions as 153 the first generation. Each set of candidate decisions contains a certain number of decision variables.
Conventionally, each set of decision variables in the first generation is assigned a value that is 155 randomly generated in the range of an upper bound and a lower bound, i.e., the so-called box 
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In the present study, the Savitzky-Golay smoothing filter is incorporated in the routine of the 162 NSGA-II. First, multiple sets of candidate decisions are randomly generated. Then, the Golay filter is applied on each set of candidate decisions, where the original generation is 164 reconstructed by the smoothed out data. Then, the optimization process is continued as usual. The 
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Golay filter is the only parameter that needs to be specified. The Pareto-optimal solutions Sort the population into different non-dominated levels and formed population of P t Apply selection, crossover and mutation operations on the DV to create offspring population Q t of size N Create R t = P t ∪ Q t , Sort R t into different non-dominated levels F i (i=1,2,…,n) thus formed population of S t .
Within each non-dominated level of S t , calculate crowding distance of each individual, and sort in descendent order
Sequentially choose the non-dominated levels F i in S t to fill a new population P t * of size N until ≥N;
Sequentially choose individuals based on their crowding distance in the F t to fill up P t * Apply Savitzky-Golay filter on the N set of DV; Replace the original DV with filtered one; Applied only once Periodically apply Savitzky-Golay filter on the N set of DV; Replace the original DV with filtered one
Step 1 
Indexes of performance evaluation
180
V-index
191
The V-index is formulated in the following:
where Gf is the number of generations required to find the feasible solution and Conintial is the 
S-index
219
In reservoir operation practice, smooth changes of decision variables, e.g. outflows, are 220 preferred rather than large zigzag fluctuations. To compare the applicability of model solutions,
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the historical outflows are used as a benchmark. We propose an index that measures the similarity of data mining and information retrieval due to its advantage for recognizing the "local shape" of 
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Case Study
248
The test case is a reservoir system on the Columbia River in the United States, which comprises 249 10 reservoirs. A sketch of the ten-reservoir system is shown in Figure 3 . 
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The reservoir system serves multiple purposes, e.g. power generation, ecological and 
Objectives
264
Minimizing Power deficit to the demand 265 An important objective of the reservoir system is to meet power demand in the region. A deficit 266 occurs when the generated power is less than the demand. Though the deficit can be compensated 267 from buying power from an electricity market, it is desirable to minimize the power deficit during 268 the operational horizon. This objective is expressed as
where PG is hydropower generated in the system (MWh), PD is power demand in the region It is desirable to generate more power during heavy load hours (certain hours in a day) for selling 277 power to the electricity market at a higher price, which would increase the revenue. This objective 278 is expressed as
where hr means heavy load hours (HLH) for a day (typically from 06:00 to 22:00). The quantity
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Td corresponds to the optimization period in days (14 in our case). The function max(0, *) 282 expresses that there is no excess power if the total power generated is smaller than or equal to the 283 power demand at heavy load hours. respectively.
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Ramping limits for outflow 326 The ramping limits for the outflow are expressed as follows
where Qout is outflow from the reservoir, Qout_ramp_allow is allowed ramping rate for the 329 outflow between any two consecutive time steps.
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Ramping limits for forebay elevation
331
The ramping limits for the forebay elevation are expressed as follows
334 where H ramp_up is the allowed ramping rate when the reservoir water level is increasing and
335
H ramp_down is the allowed ramping rate when the reservoir water level is decreasing.
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Ramping limits for tail water elevation
337
The ramping limits for tail water elevation are expressed as follows
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where TWramp_down is the allowed ramping rate for tailwater, which is only applied when tailwater 340 elevation is decreasing.
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Output constraints
342
The output constraints are
where Nd is power output, Nd_min is minimum output requirement, and Nd_max is maximum output 345 capacity.
346
Constraints on end-of-optimization forebay elevation
347
The Forebay elevations of the ten reservoirs at the end of optimization are expected to stay within 348 certain elevations in order to fulfill their future obligations. These targets are often determined 349 by middle-term or long-term optimization models (Lund 1996), which are not part of this study. 
where V is reservoir storage; Qin and Qout are inflow to and outflow from reservoirs, respectively; 360 ∆t is time step. The inflow is input to the model and the outflows are the decision variables.
361
The evaporation or seepage is important for reservoir operation model set-up, particularly for long- 
where Qtb is turbine flow, Qtb_min and Qtb_max are allowed minimum and maximum turbine flows, 371 respectively.
372
The power generation is computed based on the turbine flow and the water head (a function of 373 forebay elevation and tailwater elevation) with project-aggregated coefficients
where Nd is power output, TW is the tailwater elevation. K is the coefficient to express the overall 376 efficiency of each turbine, which is aggregated as one value for each project (reservoir). In 
389
The flow propagation within the reservoir-river network is modeled using Muskingum-Cunge 
Results
394
For each optimization run, the population and generation were set to 50 and 5000, respectively.
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Fifteen different experiments were tested in this case study. Because of the random nature of 
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For each run, the three aforementioned indexes were computed using Equations (2) 
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In Figure 6 we can observe that all three indexes for Ex0 (no filtering) are zero, meaning that this of Ex0 is inferior to all other solutions in the figure. Figure 6 also shows that the solution of Ex7
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(16 times filtering) has the best overall performance in terms of solution convergence and diversity.
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It is noted that Ex7 has also the best H-index as shown in Figure 4 . Furthermore, as shown in 445 Figure 9 , the solution of Ex7 has a better agreement with the historical hourly outflows, in terms 446 of frequency and amplitude, than the solution without filtering.
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Discussion
448
The incorporation of a filter greatly improves the performance of NSGA-II in finding feasible 
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The quick finding of the feasible solutions also contributes to a better Pareto front. The H- 
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Conclusions
508
The two issues of the NSGA-II for hourly reservoir operation, i.e., a frequent violation of ramping is increased when the filter is incorporated.
522
Although the NSGA-II was the algorithm of choice in this study, the flexibility of the 
